The volatility of amines in amine-water was measured using a hot gas FTIR. The amine partial pressures are reported as their respective Henry's constants. At infinite dilution in water, Henry's constants are in the order:
Introduction
Thermodynamic studies of amine-water systems are important for many reasons. First, the need to understand how the volatility of different amines changes with loading, from an unloaded to nominal lean and rich loading conditions, is a key industrial interest that arises in the selection of a suitable CO 2 capture solvent and in the design of the water wash unit. Secondly, volatility measurements are essential to thermodynamic modeling of binary amine-water systems, which are then integrated into more complex models. Finally, there is an ongoing scientific interest in understanding the molecular interactions of species in nonideal amine-water systems.
While there are published measurements on the VLE of amine-water systems, only a few of them measure the vapor phase mole fraction of the amine. Lenard et al. [1] measured the gas phase composition of MEA in binary aqueous solution (343K and 363K) using gas chromatography. These data were represented using a three parameter Redlich-Kister expansion. Pappa et al. [2] made isobaric T-x-y measurements for the AMP-H 2 O system at 66.7, 80.0, and 101.3 kPa using a modified Swietoslawski ebulliometer with sample compositions being determined using a standard curve of refractive index for this system at 25 ˚C. Kim et al. [3] also used this ebulliometer technique to determine the total pressure along with the liquid and vapor mole fractions of MEA, MDEA, and MAPA. Cai et al. [4] Open access under CC BY-NC-ND license. versus mole fraction of the binary mixture at 20 ºC. The liquid phase activity coefficients were calculated with the UNIFAC group contribution model as published by Larsen et al. [5] . These data are in the high temperature range, and therefore are considered outside of the scope of our low temperature application.
This work presents the volatility of 10 different amines in binary amine-water systems as measured by a hot gas FTIR. The amines that were investigated were: monoethanolamine (MEA), piperazine (PZ), methyldiethanolamine (MDEA), diglycolamine (DGA), ethylene diamine (EDA), 1-methyl piperazine (1-MPZ), 2-methyl piperazine (2-MPZ), 2-amino-2-methyl-1-propanol (AMP), 1,2-diaminopropane (DAP), and 3-methylamino propylamine (MAPA). These results were obtained at 40 -70 ˚C and atmospheric pressure as typical in absorber operation for CO 2 capture. This work aims to explore the interactions between amine and water which determine volatility and to generalize these molecular interactions with a group contribution correlation. This approach differs from UNIFAC in that it focuses exclusively on amines in water with the use of a much smaller set of group contribution parameters. Also, the amine behavior in water is quantified by Henry's constants rather than activity coefficients.
Materials & Methods

Solution Preparation
Approximately 500 -525 g of solution was prepared by dissolving pure, analytical-grade amine in water to achieve the desired molality (m, gmol amine/kg water). High concentrations of PZ were heated to dissolve anhydrous solid PZ in water. The purity grades of chemicals used were 99 % or greater.
Amine Concentration
The amine concentration was determined by acid titration with an automatic Titrando series titrator with automatic equivalence point detection. A 300X diluted sample was titrated with 0.1 N H 2 SO 4 to a pH of 2.4. The amount of acid needed to reach the equivalence point at a pH of 3.9 was used to calculate the total amine concentration. The reproducibility of this method is about 1%.
Amine Volatility
Amine volatility was measured in a stirred reactor coupled with a hot gas FTIR analyzer (Fourier Transform Infrared Spectroscopy, Temet Gasmet Dx-4000) as shown in Figure 1 . This was the same method and apparatus used by Nguyen et al. [6] and Hilliard [7] to measure amine volatility and CO 2 partial pressure in loaded solutions.
The 1L glass reactor was agitated at 350 rpm ± 5 rpm. Temperature in the reactor was controlled to ±0.1 °C by circulating dimethylsilicone oil. The reactor was insulated with thick aluminum insulation. The temperature inside the reactor was measured with a platinum resistance thermometer with an accuracy of ± 0.01 o C. Vapor from the headspace of the reactor was circulated at a rate of ~5-10 L/min. by a heated sample pump to the FTIR through a heated Teflon line. Both the line and analyzer were maintained at 180 ºC to prevent possible condensation or adsorption of amine. The FTIR measured amine and water concentration in the gas. The relative standard uncertainty in the vapor phase measurement was reported to be ±2 % by Goff [8] . After the gas passed through the FTIR, it was returned to the reactor through a heated line maintained ~ 55 ºC hotter than the reactor. With the 55 o C difference, the measured water concentrations were found to remain consistent, within 0.5 %-1 %, between continuous instrument samplings at a given temperature. Upon completion of a given experiment, approximately 25 mL of liquid sample was taken to verify the amine concentration using acid titration.
FTIR calibration for each amine was performed with a syringe pump, a manual needle valve, and a stainless steel injection chamber. A known nitrogen flow rate, typically 2 SLPM, is introduced to the calibrator at room temperature via a mass flow controller. The syringe pump injects a known and very precise flow of the target amine to be calibrated into the nitrogen flow in a heated injection chamber kept at 180 °C. This produces a continual flow of a known concentration calibration gas that is flown into the FTIR analyzer at 180 °C. A spectrum of a known mixture of the target gas and N 2 is measured and saved as a reference calibration. Calibration was performed at each concentration of interest. If the target amine is a solid at room temperature, it was necessary to dilute it in deionized water up to the point where it is soluble. The diluted amine-water mixture was then injected into the heated chamber. In this case, the water component was subtracted from the overall spectra leaving the target amine as the remaining residual spectra. The amine residual was then saved as a reference calibration. PZ was calibrated by this method because it is a solid at room temperature.
Data
In an amine-water system, the Henry's constant of the amine is a quantitative measure of amine volatility and can be correlated to molecular structure. As the mole fraction of amine (x amine ) approaches zero, the Henry's constant is defined by H amine (T) = P amine / x amine = γ ∞ amine * P sat amine (1) In this work the Henry's constant is approximated as the ratio of amine partial pressure to amine mole fraction in solutions of 0.3 to 2 m amine. This value can also be determined by taking the product of the amine activity coefficient at infinite dilution and the amine saturation pressure. At these concentrations and 40 to 70 ˚C, the amine partial pressures are typically less than 30 Pa. Table 1 gives the measured amine and water partial pressures and the calculated Henry's constants of the amines. Figure 2 shows that MEA partial pressures obtained from the FTIR method agree very well with those of Kim et al. [3] . Kim used ebulliometry to obtain MEA and H 2 O volatility. Pressures for 3.0 m, 7.0 m, 11.0 m, 23.8 
Table 1. Henry's Constants of Amines (MEA data from Hilliard [7]) T ( C) P amine (Pa) P H2O (Pa) H amine (Pa) T ( C) P amine (Pa) P H2O (Pa) H amine (Pa
Results
Experimental Validation of FTIR Method
Figure 2. MEA Partial
m MEA-H 2 O at 40 ˚C and 60 ˚C
The data obtained between runs were reproducible within the expected ±2% error. The detection limit of the FTIR is approximately 1 ppm for amines. 
Amine Volatility Analysis
The volatilities of the amines are correlated with molecular groups and structural shapes. Amines having one or more polar groups, such as amine, hydroxyl, and ether groups, tend to be less volatile due to favourable interactions with water. The presence of one or more methyl groups in a structure contributes to non-polarity or greater volatility as is the case of AMP. As a second order effect, the presence of an N-CH 3 contribution in a straight chained amine, or a C-CH 3 contribution in a cyclic amine, correlates to lower volatility, respectively. Finally, to a small extent, the cyclic amines appear to be less volatile than straight chain amines. Table 2 shows the 10 amines studied in order of increasing Henry's constants at 40 ˚C.
The amine Henry's constant at 40 ⁰C is given as a function of the various polar and non-polar group contributions as shown in equation (2) . (2) The UNIFAC-DMD method in AspenPlus was also used to estimate the amine Henry's constants at 40 ˚C. Structural information for UNIFAC group contribution estimates was available for most amines with the exception of 1-MPZ and 2-MPZ. The vapor pressures of many amines had to be estimated in Aspen using the Mani method in conjunction with experimental normal boiling point. Table 2 also shows the Heat of amine absorption estimated from the Henry's constant as a function of temperature by the Gibbs-Helmholz equation.
Table 2. A Comparison of Measured Amine H Constant at 40 ˚C to Values Estimated by Eq. (2) and by UNIFAC-DMD
While many of the amine H constants were overestimated by UNIFAC-DMD, the H constant for MEA was accurately predicted within a small margin of error. This result is expected as the MEA-H 2 O system is well-studied with adequate supporting data. Also there is not a perfect correlation between the amine normal boiling points and their Henry's constants. This result is rather surprising as it indicates that one amine may be more volatile than another in its pure form but the opposite is true when each amine is in water. Figure 3 shows the amine Henry's constants from 40 to 70 ˚C with the corresponding heats of absorption.
Figure 3. Aqueous Amine Volatility and Estimated Amine Heat of Absorption 5. Conclusions
Amine volatility in water is ranked in the order: MDEA < DGA < PZ < 2-MPZ < MAPA < EDA < MEA < DAP < 1-MPZ < AMP. The amine partial pressures in binary aqueous systems were less than 30 Pa in the range of 40 to 70 ˚C. The measured amine Henry's constants at 40 ˚C, as obtained from FTIR technique, varied from 12.7 Pa to 288 Pa. The Henry's constant predictions by the UNIFAC-DMD model, within AspenPlus, overestimated these values in most cases, with the exception of MEA. An empirical correlation was developed to estimate the amine Henry's constants at 40 ˚C given the number of tertiary amine groups, secondary amine groups, ether group, noncyclic C-CH 3 contribution, and cyclic N-CH 3 contribution present in an amine structure. The estimated heats of absorption of the amines were ~37 -80 kJ/mol over the temperature range studied. 
